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INTERNAL DYNAMICS OF ELECTRICAL DISCHARGES

A. Kadish, Wiiliam B. Maier 1
Los Alamos Nuational Laboratory
Los Alamos, NM 87545

R. T. Robiscoc
Montana State  University
Bozeman., MT 359717
Absiracl

The cxistence of thresholds for clectrical discharge
onsct  suggests a  funcuonal relation between macroscopic

resisilvity  and current. At low current, the resistivity
should be inversely proportional 10 the magnitude of the
current. Macroscopic models which employ  this scaling

predict many  cmpirically  observed  properties ot (ransiceni
clectrical  discharges, such as (i) thresholds lor onsct of
current,  (¢¢) abrupt termunation  of  current  inoaclive
regions  of a current  channel, (iii) current restart  in
passive regions ol current channels, (iv) lcaders, and (v
residual  charge, bothk in channels and at sources when
cufrent  terminates. We present an overview of rescarch
with these models and usc examples 10 illusirate the results
that have been obtained. Wece also show how these models
predict current channel formation and describe  results  of
clforts to benchmark thcory with experimental data.

L Introduction

Anounderstanding o anternal spatal  dvnanies s
central o to predictuing ind  anterpreting macroscopie
phenomena  assocrated  with clectnical  discharges., Ifor
sxample,  far-ticid  cleciromagnene radiation from
discharges may be expressed as an itegral of the retarded
tme dernivanve ol the macroscopie current density, The
aiteeral oy oves the entire discharee current channel  and
fepends, coasequentlv, on detuds of the spaoial variation ol
the  evolving  current density

Veryoacourate numencal oamulations o based  oon
Solving particle rmectories make 0 possible o study
many oaspects ol edectrical  discharges o reat deval
However, cven wath the avadabiiiy and clever utiltzanon
S SNISHE i rame s, Hme Sieppine o reqguireimenis
render these simualation studies impractieal for predicnne
tscharee behavior on e cales comparable o the hil'e ol
o hischarge,



Macroscopic models, on the other hand, allow one 10
study the entire evolution of a discharge. but at a pricc.
The usefulness of a model depends strongly on the physical
relevance of the modeling of discharge parameters, as well
as on uncertainties in boundary and initial conditions.
Some guidance for the model is provided by experiment.
Specifically, the voltage drop across many DC discharges

tlcnds to depend very weakly on discharge current, (¢
RIll=V*, where V* is a constant,

In addition, any model aspiring 10 describe an
clectrical discharge over its entire lifetime must account

for several empirical observations. Field and/or vollage
thresholds are required for the onset of a discharge
current, Discharge current can terminate abruptly with

charge remaining at the source and in the curreni
channel.

The cxistence of thresholds for current onsel may
be inlerpreted as cevidence of a strong dissipative, or
resistive, mechanism being in place a1 small current,
However, the cnergy nceded 10 overcome this effect must
be finite. For a lumped paramcter (LCR) approximation of
a discharge. this implics an ar¢ resistance  which s
inversely proportional to the size of the current when the
currcnt is small. The cocefficient of proportionality may
depend on arc and marcrial histories.

It can be shown that this simple scaling produces
many observed properties ol transient clectnical
disicharg(:s.l These include: (/) threshold for discharge
onset; (ii) abrupt termination ol current: (iii)  residual
charge in current channels and charge sources it
current  lermination; and (iv) a finite numer of curn 1
oscillations, the number depending on initial  voltage.

The lumped parameter theory has been
benchmarked successfully using  avalable data.24  The
success with lumped parameter models suggests a modeling
of dissipative mechanisms n 1D, 2-D. and 3-D models ol

discharges  which includes  threshold  effects  locally. Al
small currents, the dissipation is presumed 1o he anversely
proportional 1o the magnitude of the current density. We

have incorporated  this  dependence  in both  striphine
models  of surface  flashover and  plasma-based models ol
punchthrough  arcs.

Ising a strpline model. Y7 we have analyzed hanee
transport in discharges imbated  at o charge spot on

dielectric surface. e surtace 15 bached by 3 conducnne
sabstrate  which  carnes an image  curreat  that constitutes
the return leg of the suipline. A plasma based  madel has

been  cmploved 1o study  the  effect  of  propagatine



clectromagnelic waves on current channel dynamics.®
The propagating waves are determined by boundary
conditions at curreat channel extremities.

In this paper, we derive generic properties of
electrical discharge models which utilize the inverse
relation between resistivity and current at small values of
current. In section III, we describe simple transmission
line and plasma-based models of discharges in linear
current channels and discuss their remarkable richness
in discharge phenomena. In section IV, we present the
results of effortis (o benchmark theory againsi
experimental data. Those cfforts have, 10 date. been limited
by available data 10 LCR models of discharges.

If detnils of the spatially-dependent theories 1est
favorably against future cxpcrimemal data, then a high
priority should be assigned 10 an understanding of

dissipative processes in clectrical discharges at low
current,

weal Discharges

We describe clectrical Jdischarges in terms of o

' . -t — « .
clectrical current density. jt x.0. and a finite set of oth.r

macroscopic  variables, [vg (x.n k= 1.2, m}. The sa
might include voltages, charge densities or components of
clectromagnetic fields. I, gencral, the current densiy

may be a sum of the current densities of different specics
of charged particles,

It is convenient 1o introduce the magnitude of the

. Lo - - .
current density.  jOx.0) 2 0, and the vector, e x.d), in the
dirccuon ol the current Jensity

ERIES T NIRRT (1)

Nute that LJ- is defined only 1 j = O, and that af j > ), c', N A

. -
unit vector.  When Jx.0 # 0, we tahe s cevolution o be
piven by an cquation of the torm

L]
l,.| » .

= & . |s* A}

ol i e ] - (.0

] . *
In eq, (M, F oand F* may depend on space. x, and time, 1

he dependence may be both exphent and  implicit via

L]
and  {vi ) and spatial derivatives ol both j and clements ol



the set (vyj. F* is restricted 10 be positive. In particular.
— . .
F* may depend on ¢; (e.g.. it may be the double inner

product of a matrix with the dyad —éj?j)'

Examples of sysiems containing current density
cvolutions of this type are given by lumped circuit (LCR)

models,! transmission line (distributed parameter)

models,? and charged fluid (plasma) models® of transient
clectrical discharges in which a dissipative mechanism
has been 1taken at weak current 1o be inversely
proportional 1o the magnitude of the current density. In
applications of these models, the current channel is ofien

assumed 1o be in the direction of :h: z-axis. Writing
- A " . .

J=) ¢z, eq. (2) becomes, for simple versions of these
systems

r-)i\(l) , - . A
"*ﬂ— = Vi) - V*sgn j; (LCR)Y c2a
¢
C a2 aViz.y . 2
T e oy .
o Py E* s¢gn
(rransmission  liney (2h)
d.'\‘_,;l_) : 3 D ., '_)..‘ N
W = wplz.l) (D(z,t) - D*sgn):
(plasma) (2¢)
where sgn ’j =+ il')A > () and sgn ? = -1 if? < 0. Ineq. (2.

V() might he the time-varving voltage across a capacitive

churge spot on a dielectric surface and L is an inductance.!
. A .

(In this case ; is the current rather than  the current

density ) In cg. b)), Vo0 is the ume- and  soace-
dependent  voltage  between  the current channel  and s

. . . ~ .

image noa conducting substrate and Loas oan ainductance per
. . 2l . l

it length, cAgain ) is the current) Inoeg. (20), wy s

p
plasma frequency, and Doz s the z-component ol the

clectne  displacement  sectort Ve, L and D=/
are  obramed  Oom  F* anoeq. (2 by taking  the  scalar

product of that cquation with ¢, the umit vector an the s

direction, Fhese LORL transmassion Tine and plasma models
have been amalvzed 1o understand  and predict macroscopic
propertics ol liphtning, surface flashover and
“punchthrough™  ares, They  predict  threshold  condiiony

for the onset of discharge current, the  abrupt termination
ol disciarge current, and residual electnieal charge both



in current channels and a1 charge sources when the
discharge terminates.!.4.8

The threshold condition for current onset is central
1o the understanding of the macroscopic evolution of arcs.
It is casily derived from ¢q. (2), whose componenis parallel

and perpendicular 10 _c'j are given by

- F* F".T:..E'J- . {3a)

3¢ -
(jﬁ):?i; F,=F-(F ey, b

J

respectively. We show below that if j(-io.lo) = (0, eq. (3a)
implies j(xq4.1) cannot become positive (i.e., there can be no

- . - — — . - —
current at ¥ ) until PF! > F* atx = x,. Therefore, F*0x .1
. [ i - .
is a threshold condition on 17 X ) for the onset ol

discharge current. for t > g, if j(_io.lo) = 0. In panicular,
from egs. (2a) - (2¢), we see that V* is a threshold for the
charge spot voltage of the LCR model E* is a local
threshold clectric field for the voltage pradient of he
transmission line model ol surface flashovers, and D* s 4
local ihreshold for the clectric displacement vector for the
plasma model of arcs.

To demonstrate the threshold condition, we observe
that il both j(-;(,.l(,) =0 and 1T ( -:",.l(,)l < F* and. it one

. . ',j( .‘ ANy
attempts 1o apply ¢q. (25 then ¢q. t3a) implies " T

which contradicts ju x .t > 0.

As 4 consequence of the threshold  condition.

. . L] L]
clectric current s Howming at < = v, and at some ume. t = 1y,

d -
the current takes the value sero when 1F(X gl <€ FHxg.

the current i v = v, terminates  abruptly,  and  canno
L] . L]

restart until some  Later tme, t, when Il’-l\,,.l)l > Fox 0.

Fhus, the discharge vcurrent can  terminate with  ciargee

remaining in hoth  current vhannels and  charee
\uurccs."'“

Equation (Ib) determines the evolution of  cutrent
direction,  The mitial direction of this vector is that of the
mitial - charge  vansport. I a chanmicl guides  the



transport, it is also the initial direction of the channel. It
is important to note that this direction is nyn arbitrary. I
is governed by two factors. The first is obviously given by

cq. (3a) which requires that at onset I?-?jl > F*. The sccond
is due 1o the flact that when current first starts to flow at

any position, the muliiplier of the time derivative of the
direction of current is zero.

Suppose T(x.lo) = 0 but j(?.l) #0forty St<ty when
1} >1o. From egs. (32) and (3b) we have

- = - — I_ig.l.(;'-l')
cj(xa) = ej(x.y) + | —d . (4a)
L j(x.)
- v - -
j(xa1) = J'[F”(!.l") -F*(x )] 4 . (ib)

1]

Now suppose that lim e ( X.1) cxists, so when t—1,+

l—’lu?
current starts at t = ty, with a well-defined direction.  Then
the integral on the right hand side must converge as 1y -«1g,.

. ’ - ., .
From cq. (4b) we see tual for U — 1. ju X.1°) is less than or
cqual 10 a constant times t' - t,. Therefore. for the integral
in cg. (4a) 10 converge as 1) -» I we must have

lim F.(x1) = 0 . (5)
W P

This implies that éj(i.l(,ﬂ and F (X.1y) are colinear.

- -
cj(x.l(,+)=: """ - th)

v Il
Since cq. (a) shows that by F* ¢ must be in the same

direction as I, If clectromagnetic waves  launch  the
contiguous  discharges.  ficeld dircctions compatble  with
exceeding  threshold  need not be  colinear  with  the
direction ot the previousiy-opened channel  sepment. The
continuation  of  the channel may appear  to  abruptly
change  direction.

The condition of the wmedium  can signiticantly
affect the direction of current channels.  As an example.

A
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—n - — — A
suppose F = ZFieici where ¢ ; is an orthonormal set of
i=l
. - - -
unit vectors (e.g., ey = €x, €y = cy and €3 = €;) and

(7)

From e¢q. (3a) we also must satisfy the threshold condition
F, - F* > 0 which 1akes the form

= 2
A FFi
> sl )
Y Fj
1=

Note that if F;/I-IEI >> 1 and F_-;/I—IEI >> 1, the threshold
condition becomes I?‘I>F£ and _l; 5F3T:.3 so current flows

-
parallel 1o ¢ 4.

i Spatially-Depen Discharg

The threshold property implied by our modcling ol
resistance  at low current has profound consequences  for
charge transport, At the macroscopic level of descrniption,
the moving charges which consutute clectrical  cureent
can be vieweo as a fluid.  As a result, the cevolunon of the
discharge is governed by wave dynamics of the (ype
commonly e¢ncountered in hydrodynamic  or  magnelo-

hvdrodynamic  models. Roughly speaking, the waves
which affect the current evolution are ol two types:  scll-
consitent. or  sclf-generated waves; and lreely -
propagatng, or  externally-penerated  waves., The cifects

of these waves on  the current  are  illustrated hy 1wo
cxamples, using  one-dimensional  transmission  line  and
plasma models of discharges.



Figure 1 shows the arc transmission line
model we shali analyze. Physically, the arc can originate
from a highly-charged spot deposited on a dielectric
surface overlying a metal substrate. When the relauive
spot potential exceeds the surface diclectric breakdown
threshold, a transirnt electrical discharge may occur
across the surface. We assume that this discharge. or
surface flashover arc, carries current, [. over a length, (.
for a shon time. Schemaiically, the flashover arc can be
viewed as a transmission line problem, with a generator
(charged spot) that supplies a short, strong voltage pulse 1o
a stripline of length, /. The suripline has distributed

circuit elements: ﬁ (resistance), AL (inductlance), AC
(capacitance), and G (diclectric conductance), all per unil
length, and it may be ierminated in a load impedance Zi .
The actual arc current, 1{x,1), flows in the top leg of the

stripline.  The charge per unit length on the stripline, Q.
is rclated to the potential und the capacitance per unil

length by 'Q:&v. The rcturn current in the boulom leg is
the image current flowing in the metal substrate. A
rcasonable choice for the wuenerator is an initially charged
capacitor of total capacitance, Cy, with Cy determined by
the dielectric thickness and the arca of the charge spot.
Also. if the arc terminates on o metallic boundary. il is
rcasonable to sct the terminator impedance Z; = (), which

represents a short circuit.

A. FLASHOVER ARC CONFIGURATION

ZHARGED
sPOT
I ARC DISCHARGE
\ \CURRENT |, LENGTH L)
g (vl DIELECTRIC LAYER

;\\\‘u\ R I NN TR
‘\\ IMAGE ~ M
3 UMAGE \\\ \\\\ ETAL suasmne‘

\
\\\\\\\\\

TV o X T‘:__-'?l
SINESATCR ZSMNAICHR)
“LRARENT .ALTAGE
A )
_—‘—- — .n'_
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FIG. 1. (a) Schematic of a surface flashover,
In our model, the charge spot and iis image
are the capacitor. The arc discharge current
and its image are the transmission line. (b)
The transmission (or stripline) model of the
configuration in (a). Differential elemenis of
the discharge and its image are modcled as
differential capacitances, inductances. and
resistances. The voltage across tue
differential capacitance is V. The current is

I. The charge per unit length on the line is
A

Cv.

If the radiation losses are necgligible, the current
cquations governing the propagation of the current and
voltage pulses along the stripline of Fig. 1 ared

A a,d oV
[R+L(§)]l=-"5_;. (9)
A a0 al
[G-CGRlt=-5, . (10

The arc current along the siripline, 1. and voliage
across the stripline, V, ecach depend on both time, t.and
position. z. along the arc. The boundary conditions are

.
0w = - Cp TEOL
Vi = Zg ldy . (1

For simplicity we shail set Z; = 0 (the arc terminates at a

short).  Also, we put the diclectric vonductance G = 0: this
implies that, during the history of the [ashover arc.
negligible current leaks through the Jdielectric. The
sccond boundary condition in cq. (11) becomes V(L) = 0.
Typical initial conditions are those for a charged line:

lz = 0. Viz,0) = Viz), (1)

Transmission-line models of clectrical  discharees
employved to daie have not been successful in accounting
for many of the observed macroscopic propernies of arcs.
For example, thiesholds for discharges, abrupt tcrmination
of discharges. and nonzero  source  voltages at  arc
termination have not been predicted by such models.  We
have. for the [first time. successfully dJescribed these
properties of arcs and others by using a lumped circuil
model and by imposing an inverse proportionality
hetween arc  resistance  and  current magnitude  at  low



current.!  For the siripline model we employ to obtain an
undersianding of the spatial distribution of charge and
current during a discharge, we postulate an analogous
local form of the AWA. Over cvery infinitesimal interval
of length, we require, when | # 0,

R =E*m . (13)

where E* is a positive constant. The dimensions of R arc
resistance per unit legnth, so E* has the dimensions of
clectric field. Eq. (13) guarantees that the resistive vollage
drop per unit length is always -E*sgnl, where sgnl = I/
for Il # 0. Thus, the system is dissipative.

Employing cq. (13) in cqgs. (9) and (10) yiclds., after
selling G=0.

A j Vv
L:Ll'+a:- = .E*senl . (lsa)
ol ol =
oV ol
-~ = . 4
6 ot + 2 0 (14

Sincc the functional dependence of the arc resistance on |
has only been specified when I = (. cgq. t(14a) cannot be
uscd without cxtension to advance | as a funciion of t when
lix.th) = 0 for some non-zcro interval of time.

General properties of current and voliage cvolulion

in a surface discharge have been discussed clscwhere.?
Here we recall that .* is a threshold which must be
cxceceded by 19V/9xl if current is 1o be initiated.  Morcover.
in regions of space and time where current flows without

changing sign. so sgnl = constant, dJilferentiation of vgs.
t142) and (i4b) vields

L] N

= - |

37 - ;l'; ) (v) =0, €1s)

| Lo e )
and I and V satisfy a wave cquation  with  signal  speeds
(L Cy-1i2, Solutions arc detcrmined by inivial and
boundary data. However. if current [lows in an uacltive

region of the current channel which abuts a  passive
region, the boundary between the (wo is not flixed. bul
viries in time as voltage gradients which were above or

below threshold rise or fall. The maotion of this Tree
boundary must be determined as part of the solution (o the
wave cquation, lts motion dctermines how passive and

Jctive regions cvolve.

1N



We illustrate some of the arc propertics with a
simple stripline cxample.

If the discharge is initiasted at a large charge spot at
z = 0, the voliage at the charge spot, V(0.1), may bc taken 10
bc a conmstant, V,, ove the discharge lifctime. For

simplicity, we shr!! agssume the initial active region a1 1 = 0
is given by 0 < z < z;, with z| small, and the iritial voltage is

given by V(z,0) = Vo(l-2/2)) for 0 < z < z; with V /2, > E*
and V(z,0) = 0 for z; S z<{. In the limit z; - 0. the current
front propagates down the stripline with velocity (LC)-V/2,
Note that a1 t = 0: -9V/dz = V_ 8(z). This large voliage
gradient, together with the current front dynamics,
results in the instanlancous clevation of the current a1 2 =

0 10 a vulue '\/ t/t V“. IT Vo < E*{/2, the current terminates

abruptly everywhere at 1 = 2 '\j f.& (V,/E*) with the
advance of the current front at the position zpina = 2V, /E*
< I.  During discharge at time, ) < i < 1, the currem and

. . -\, -1 .
voltage in the region » < 2 < l( f.e ) arc given by (sce

Appendix D of rcf. §)

g+ | VLC !
l(zll) = _\— L E. [ I -1_ l .
Vizy =V, - :', E*z . (1o

Note that when the current vanishes at p =2 ‘\j f.¢ Ve,
AS
nra

E*. which is bhelow threshold.

[ FRE

For a seccond example, we assume a cylindrically

symmetric current channel of radius, r,. centered on the

c-axis with current restricted to flow in the axial direction:
[] .

¢y =t e, (sec Fig. 2. We use cq. (20) 10 describe the
current  evolution, We  take the  charge  and  current
densities and the axial clectric field to be mdepen lent of

. ' . A . .
spatial - variation across  the channel. and w0 facilitaie

illustration, is taken 1o be independent of time. In the
currenl channel, the only aother non-trivial
clectromagnetic  fields  are  the radial  electric and  the
azimuthal  masnetic  ficld  components. Ihese  field

11



components arec assumed (0 be linear in the radial
cylindrical polar coordinate. Maxwell's cquations and eq.

(2c) for the current evolution in active regions of the
current channel yield,

3 A

= wd(D-D*sgn ) .

dD 2 z z
al+1=f(-g)+g(l+g). (17)

where D is the z-component of the electric displacement,
and f and g arc eclectromagnetic waves traveling up and
down the current channel with the constant speed of light,
¢, in the channel. The plasma frequency, Wy, is presumed

consiant in time, but may be a function of z.

At t = (), we assume 3'1..0) = 0 (no initial current) and
ID(z,0)] < D*(z) (i.e.. IDI is below threshold). An intense
forward-propagating pulse. [fit-z/c) = Ab(t-z/c) s
introduced at z = 0 with 0 < A < D*. We assume g = 0. The
propagating pulse arrives at z > 0 al time {,(z) = 2/c and

instantancously raises the local value of the axial
displacement by an amouni. A.

Diz.ty(2)+) = D(z.0o) + A a D(2) . (18)

If Dy(z) > D*, then ?(z.l) and D(z.t) - D*(z) cxecute unforced
oscillations on the time interval Ll2) < U < 1glz) =1, +
n/wp(z).

j\(z.l) = m'pl(z) [Dy(2)-D*7)] sin l(upll.)(l-l“(l.))l

D(z.t) = D*(z) + [D,(2)-D*(z)] cos {u)p(l.)(l-l"(zi)l . (19)

When t = 142). we have 'ju..lfu.)) = 0 and, since D (z) > D*ts)
and A < D*(z), we also have

D*(2) > Diztde) = D% - D2 = D2 - A >0, (2M

Therefore, ID(2 2 is below threshold, and the discharge
terminates,

19



FIG. 2. A steep, narrow, electromagnetic pulse
propagates in the positive z-direction along a
cylindrically symmetric channel. The pulse
raises fields above threshold in some regions
of the channel causing discharge current 1o
flow. In other rcgions, it raises fields to
values below thosc required for the onset of
discharge current. Subscquent  pulscs may
raisc ficlds above threshold in ithese regions.

If a second clectromagnetic puise is now launched at
¢ = (, a process similar 1o the [lirst occurs with the
important diffcrence that current will propagate [larther
down the current channel. The rcason for the advance is
that the first pulsc has raised the ficld in the channel cven
where the current was not driven. In such regions, the
passive ficld is closcr to threshold. so the second pulse may
make thesc regions active. In this way, charge is stepped
down the channel as a result of  uccessive, freely-
propagating, clectromagnetic pulses.

LV, Benchmarking the . I'heory

Lven though our models  produce  features ol
discharge  behavior which qualitauvely  apree  with  those
cxhibited in nature, it is necessary 1o lest the theory by
quantitative  compuarison  with  cmpinical  data, Some lirst
steps have been taken in this direction,  We have compared
the simplest possible  versions of the theory  with Naval
Rescarch  Laboratory  oNRL)  daa” tor an underdamped
discharge with a 1.7 m cureent channel and  with - Fexas
Fech daadl for an overdamped are discharge  with  lengh
ot the order 1 ¢cm.,

Fhe NRL discharge  was produced by tiest shimimg
laser beam along the axis of a pas-hilled tank, A Mary bank
was  then discharped and a pas breakdown  discharpge  was
abserved  in the  laser heated  channel. I'he  curient
amplitude  oscillated  several times. the number ol
oscHllations  depending  on the il Moy bank  voltape.
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The discharge current was seen 1o terminate abruptly. The
circuit inductance, L = 88 pH, bank capacitance. C = 8 uF,
and variable Marx-bank voltage were provided. The
external circuit resistance was not measured.

EXTERNAL
CIRCUIT

L

DISCHARGE

Ra =Vl

FIG. 3. The LCR circuit used 10 model
clectrical discharge expeniments at NRL and
Texas Tech. When comrparing our theory with
data, the arc was madeled as resistance with a
constant voltage drop V* = R

In order 10 test the resistive scaling with current
against the NRL data, we modeled their contiguration
usimg an LLCR circuit (sec Fig. 3. Total inductance and
capacitance were  given the values S8 uH and B ul’,
tespectively.  The are way modeled as o resistance equal 1o
a constant, V*, divided by the magnitude of the curtent, |
An cxiernal resistance, R, was placed in senes with the are
isee Figo ). The LCR cquatons are then

dl
. .= . - Ve
|dl V - RI senl
\Y
('d' =z -1, ('
di
where Vois the Marx-bank voliage. We used the data

assoctated  with the highest mmoal Marxc-bank voltage 1o
adjust the unknown parameters R oand V' Using R - 0
and V* o 1.8 kV, the thearv not oaly  pave the conect
number ot current  oscillanions,  amplitudes  and
termiition time,  but  also predicted  the sueprisimg shape
of the last half-cyele,  The tit oy shown o Figo ¢, Note the
sharp  change in the slope of the cartent at the  bepmmng
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of the last half-cycle. From eq. (21), when I = 0, and sgnl
changes sign, the derivalive of 1 is discontinuous

| d1
&)

This discontinuity occurs at all sign changes of the

current, but is apparent in the data only when Idl/dtl is
smallest.

=2% ) (22)

CURRENT (hA,

\/ =

Vg- N 6RV

c

4

| a y —a _ [
) 100 Jo0 300 400 $00 600
TIME (ps)

Flt,. 4 The data wken at NRL is shown as a
solid curve. The initial Marx-bank voliage
was 1.6 kV. The dashed curve s the fit to the
current  cvoluation predicted by our LCR
theory using R = 0.3 @2 and V* = 1.8 kV.

10, . - . T v

Ht

CURRENT kA)

vn.;':'uv

-— .. ————— e — = - -
S o —

9 T 200 -u:)o 100 500 non
TIME ( ps)
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FIG. 5. With the same values of R and V* used
in Fig. 4, but an initial Marx-bank voltage of
224 kV, the LCR theory predicts the current
evolution skown by the dashed curve. The
data taken by NRL is the solid curve.

10 ™ T T o

_—d i - ..

CURRENT (kA)

oo L. 200 100 500 800
TIME (us)

FIG. 6. With the same values of R and V* used
in Fig. 4, but an initial Marx-bank voltage of
16.0. kV, the L.CR theory predicts the current
cvolution shown by the dashed curve. The
data waken by NRL is the solid curve.

With the cxternal resistance, R. and the “medium”
parameter, V*, determined, we then used these fixad values
‘o predict the discharge at other starting voltages, Resulis
are shown in Figs. (5) and (6), As shown, we again
obtained excellent agrcement in the md-range of starung
voltage, At the lowest voltage, agreement was nolt as
satisfying. The vorrect number of oscillations prior 1o
termmation was obtained and the termination hme  wis n
agreement  with the data, but amplitudes were not as  good
as  for the other discharges,  The experimental team  thal
obtauned the Jata expressed a beliet that, in fact, the Towest
voltage  discharge was somewiiat  different  from  the others,

Fhe dafference may be related o channel prcpurnlmn.“’

We  then maodeled, i the  ~ame  way, an ot vap

breakdown  expenment  petformed  at Fexas  Tech I'he
circmt anductonee and  capacuance were 226 ol oand 1LY ple.
respechively, A publication by the tcam pertormime this

cxpennment  compared  an e resistance  infenied rom o the
data with that predicted by cight other theones. Only
tbeory by M. Kushner!d fit the data reasonably  well over
the tme history of the discharge.  His theory vields anare
resistance  that vanes mversely  wath (%8 Fhe mber
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theories fail badly after arc resistance achieves its
minimum value. Our theory, using R ~ 1.0 Q and V* = 0.92
kV, fits as well as Kushner's (see Figs. (7-9)). There is onec
critical difference between his scaling and ours. If one
substilutes an {iI"6/3 scaling in an LCR model, one finds that
the arc resistive voliage drop. R,l. becomes infinite at zero

current, Therefore, no finite initial applied voltage is
capable of starting a discharge current.
1.00 ¢

1 v | 1

ARC RESISTANCE [ohms]
od
o

L orapaial

oo2 [~

a0 = — ' -

Q 1 2 3

TIME (us)

FIG. 7. The dashed curves in Figs. 7-9 arc the
sume arc resistance vs ume  plot inferred
from discharge data. The solid curve is the
arc  resistance vs. time plot obtained by

solving the LLCR equuions with R = 1.0  and
Ve =092 kV,
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FIG. 8. The dashed curves in Figs. 7-9 are the
same arc resistance vs. lime plot inferred
from discharge data. The solid curve is the
arc resistance vs. time plot obtained from a
theory by M. J. Kushner which predicis an
inverse proportionality of arc resistance on
current raised to the 6/5 power.

z 100 -
E E
: p
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wl i cmme
QO - ',_.'
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"E" 0.10 = o"' -E
& 2 pard! 2
7)) " -
L C "
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o =
m I ) - I 1 yl |
< 0.01

0 1 2 3
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FIG. 9. The dashed curves in Figs, 7-9 arc the
same arc resistance vy, time plot inferred
from dischatge daia. The solid curve is
lypical of plots of arc resistance vs. lime
using other theorics of uarc resistance as a
function of current.  Typically, those thcories
contain  an  inverse proportionality of arc
current  on  time integrals ol the current,
Those integrals inhibit the increase of  arc
resistance  after the discharpe current peaks.

The only single scaling ol are  resistance  with
current  that  allows both a finite threshold for current
start and  the possibility of abrupt  current ermination

[R]
. . g,
R s propartional to 1l for small currents,

vV, Summary

We  have provided a briet overview of G genene
macroscopic  theory  of  clectnical  discharges, e penene
theme s that there is a dissipative process (e ¢ . electnical
resistivity) - winch,  at small current, vanes nversely  waith
the magnitude of the current, Hus scaling of  resistance
with current is the only one which predicts both nonzere
but  finite  field thresholds  for the onset of  discharpe
current and  abrupt terminatton of cunent, The effects ol
sell consistently  produced  and  extemally  penerated  waves
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on charge iransport in currenlt channels has becen

discussed and illusirated using simple cxamples. These
effects include lcaders. We have shown how the evolution
of current channels is predicied by the theory. In

p?nicular. the theory may accoum ftor zigzagging and
bifurcation of current channels.

Clearly, there is a n.ed to understand the inverse
scaling of resistivity with current magnitude at small
current. Several ideas have been suggested. To date. none
are supportec by anything close (o compleic analysis.
Research on this question is continuing..
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